ABSTRACT
INTRODUCTION
The transcription of plastid rRNA operons was shown to be regulated differently than the transcription of protein coding genes during chloroplast development (1, 2). This observation was made by run-on transcription assays and hybridization experiments. The specific control of the rRNA operon seems to be logical since the 'construction' of ribosomes is surely one of the crucial processes preceding the expression of plastome encoded photosynthletic genes. On the other hand, once built up, ribosomes represent rather stable complexes compared with mRNA turnover.
But, at the moment, rather nothing is known which could explain such differential gene expression in chloroplasts at a molecular level. The possibility of regulation of plastid rRNA transcription by premature termination (attenuation) has been discussed (3) , but experimental proof is still lacking. Two different RNA polymerase activities, one which transcribes tRNA and mRNA genes and another which transcribes preferentially rRNA genes have been suggested to exist in chloroplasts of Euglena gracilis (4, 5) . Two different enzymes may also exist in spinach chloroplasts, one which is 'E. coli-like' and another one having no immunological similarities with subunits of E. coli RNA polymerase (6) .
On the other hand many chloroplast tRNA and mRNA genes and all 16S rRNA genes sequenced so far do contain '-35' and '-10' 'E. coli like' promoter elements upstream of the transcription initiation start sites, and it was shown using in vitro transcription assays that they are implicated in the correct transcription of the genes (7) (8) (9) . Consequently, tRNA, mRNA and rRNA genes could well be transcribed by the same type of 'E. coli like' chloroplast RNA polymerase.
In spinach plastids the situation is still more complicated, since the 16S rRNA upstream region contains two tandem 'E. coli-like' promoter elements which are both used in vitro by E. coli RNA polymerase (10) but only one of them seems to be used in vivo (11) . Therefore the questions arise how the chloroplast RNA polymerase(s) discriminate(s) between the two promoters and whether the second promoter is used under specific developmental or physiological conditions.
As a first approach to find differences between these two promoters and/or 'specificities' of plastid rRNA upstream sequences we looked for putative cis acting regulatory elements and corresponding sequence-specific DNA binding proteins which might be implicated in the regulation of rRNA gene expression. Using mobility shift assays, Exonuclease III protection experiments and UV cross-linking we have determined a 14 bp protected sequence which does not include the 'E. coli-like' promoter elements and to which two small molecular weight chloroplast proteins can bind in a sequence-specific manner. This sequence is well conserved in all higher plant chloroplast 16S rRNA upstream regions known so far but is not found upstream of mRNA or tRNA coding chloroplast genes, thus it might be specific for rRNA genes. Possible functions of this sequence are discussed. Mobility shift assays and Exonuclease Ill protection Gel retardation assays were done according to Straney and Crothers (14) . All reaction mixtures (20 ,ul) polyacrylamide gels under non-denaturing conditions as described elsewhere (14) .
MATERIALS AND METHODS
The sequences of the synthetic oligonucleotides arranged according to the 5' overhanging ends which will result after hybridization are shown below: For gel retardation 0.5 ng each of oligo 1 and 2, or 3 and 4, or 5 and 6, were hybridized in 30 td of 40 mM PIPES, pH 6.4, 1 mM EDTA, 0.4 mM NaCl and 80% formamide over night at 42°C. Afterwards, the resulting 5' overhanging ends were filled in using labelled dATP and/or dGTP and Klenow enzyme as described (16) . The oligonucleotide hybrids were purified on 15% non-denaturing polyacrylamide gels and eluted from the gel as described for single stranded oligonucleotides (16) . For competition assays the hybrids were used directly after precipitation from the hybridization solution without further purification.
Exonuclease III protection assays were performed according to Lam et al. (15) Primer extension For primer extension analysis the 25 bp oligonucleotide (oligo 4) was hybridized to total RNA prepared from leaves of light or dark grown one week old spinach seedlings. Oligonucleotide labelling, hybridization and reverse transcriptase reaction were performed as described (16). 
RESULTS

A
Mobility shift assays were performed in the absence or in the presence of 1.85 or 5 mM Mg+ + using the 274 bp fragment shown in Fig.3 and E. coli RNA polymerase or chloroplast extracts prepared as described in Materials and Methods (Fig. 1) (Fig. 2,  lanes 4-7) . Since the DNA fragment was labelled on both 5' ends the protected region could be located between bases 86 and 100 or between bases 174 and 188 on the non-transcribed DNA strand (compare bold printed sequences in Fig. 3A) . To discriminate between these two possibilities the 274 bp 5'end labelled fragment was cleaved by HhaI yielding two fragments of 163 and 111 bp respectively (see Fig. 3A ). Both fragments were tested for complex formation in gel retardation assays (Fig. 3B) . Only the 163 bp fragment, which contains the two E. coli-like promoter elements, gives a mobility shift in the presence of the chloroplast extract (lane 2). As additional control experiments mobility shift assays were performed using labelled oligonucleotide hybrids corresponding to the two sequences in question (oligo 1/2 and oligo 3/4, Fig. 3A) GAATGGAT A&GAGCNCTOGGG ATTG Sinapis alba (19) GAGAATGGAT ALQAOOGCYCQON ATTA Soybean (20) CTGAGTAGAT A&AQQG-atagg0a GTTG Pea (21) GAGAATGAAT AAQ&QKCCoGGGG ATTG Spirodela oligorhiza (22) TTGTTATTGA AAGOOOCYtONQOO ATTG Marchantia polymorpha (23) GGGAATGGAT AgQ&GWCtOv!O ATTG Zea mays (24) GGGAATGGAT AG&OGCYtG?GQG ATTG Rice If we now regard the protected region in more detail we find that it is located between the ' -10' E. coli-like promoter element of the first promoter and the '-35' element of the second promoter. It covers the transcription initiation start site which is used by E.coli polymerase in vitro (P1 in Fig. 3; 10) . SI nuclease mapping of in vivo 16S rRNA transcripts located the transcription initiation also to this region but the start site was not determined precisely (10, 11) .
To assure that in vivo the transcription of 16S rRNA starts indeed inside of the 14 bp protected region described above we mapped the 5' termini of 16S rRNA transcripts by primer extension (Fig. 6) . Surprisingly, it was found that E. coli polymerase and spinach chloroplast RNA polymerase evidently do not use the same site for initiation. The in vivo transcript starts 27 bp downstream of P1 outside of the protected region. We named it Pc (for promoter chloroplast, see Fig. 3A ).
DISCUSSION
A region of about 14 bp, which is located 13 bp upstream of the transcription initiation start site of 16S rRNA, was found to be protected by a spinach chloroplast extract. In analogy to the first sequence-specific DNA binding factor which was described so far (15) we propose to name this region binding site of CDF2 (chloroplast DNA binding factor 2). Considering the position of this binding site one could imagine the binding of a repressor as well as an initiation factor. The small size of the region rather excludes that it could be RNA polymerase itself. Binding of chloroplast RNA polymerase is more likely under higher Mg++ concentrations when the larger complex is formed whose size is more comparable to the complex which is formed with E. coli RNA polymerase (see Fig. 1 ). A comparison of chloroplast 16S rRNA upstream regions containing this sequence is shown in Fig.7 . Regions analogous to the CDF2 binding site are boxed. A computer search for the presence of this sequence upstream of chloroplast mRNA and tRNA genes was negative. Thus it seems to be specific for chloroplast rRNA genes of higher plants.
92-
67-
45-
29- (17) Transcription initiation start sites for 16S rRNA were mapped precisely in maize (24) , Spirodela (22) and pea (21) . It is interesting to mention that in Spirodela as in spinach, two E. colilike promoter sequences exist. However, in Spirodela, the binding site of CDF2 is located upstream of the first promoter sequence and not, as in spinach, upstream of the second promoter sequence. Transcription initiation starts in the region of the first promoter, the second promoter is not used.
A detailed analysis of transcription initiation in vitro was made in pea (21) . Deletion analysis of the 5' regulatory sequences of the gene have shown that 54 bp upstream of the transcription initiation start site are necessary for correct initiation. Interestingly, the first deletion which results in a complete loss of the capacity of correct initiation was located at position -45 on the pea sequence (see 21), i.e. when the first A at the 5' end of the CDF2 binding site is removed. Thus the idea emerges that the CDF2 binding site may be rather implicated in the process of correct initiation of transcription of 16S rRNA than in its repression. To know something more on a possible role of the CDF2 binding site in the regulation of transcription experiments are in progress to isolate the two proteins and to test their function in vitro.
